Mucin-specific adhesion of Pseudomonas aeruginosa plays an important role in the initial colonization of this organism in the airways of cystic fibrosis patients. We report here that the flagellar cap protein, FliD, participates in this adhesion process. A polar chromosomal insertional mutation in the P. aeruginosa fliD gene made this organism nonadhesive to mucin in an in vitro mucin adhesion assay. The adhesive phenotype was restored by providing the fliD gene alone on a multicopy plasmid, suggesting involvement of this gene in mucin adhesion of P. aeruginosa. Further supporting this observation, the in vitro competition experiments demonstrated that purified FliD protein inhibited the mucin adhesion of nonpiliated P. aeruginosa PAK-NP, while the same concentrations of PilA and FlaG proteins of P. aeruginosa were ineffective in this function. The regulation of the fliD gene was studied and was found to be unique in that the transcription of the fliD gene was independent of the flagellar sigma factor 28 . Consistent with this finding, no 28 binding sequence could be identified in the fliD promoter region. The results of the ␤-galactosidase assays suggest that the fliD gene in P. aeruginosa is regulated by the newly described transcriptional regulator FleQ and the alternate sigma factor 54 (RpoN).
Pseudomonas aeruginosa is an opportunistic human pathogen that causes lethal infections in compromised individuals and chronic colonization of the lungs of patients with cystic fibrosis, leading to their death. P. aeruginosa has a remarkable ability to persist in the lungs successfully by colonizing respiratory mucus. The molecular mechanisms by which this organism attaches to and colonizes the human airways are poorly understood.
P. aeruginosa has been demonstrated to adhere to intact respiratory epithelial cells in culture (22) as well as to injured respiratory tissue organ culture (32) and injured whole animal trachea (19) . Pili present on the surface of P. aeruginosa have been shown to contribute significantly to attachment to the epithelial cells (34) . However, P. aeruginosa mutants lacking pili attach to mucin as efficiently as the wild-type strains (20) .
Earlier studies from our laboratory have demonstrated an association between the expression of mucin adhesin(s) and the expression of some flagellar genes in P. aeruginosa (24) . Mutants defective in the fliF gene (2) , which codes for the flagellar membrane and supramembrane ring, and the fliO gene (25) , which codes for one of the proteins of the flagellar export apparatus, were nonmotile and nonadhesive, whereas a fliC mutant which is nonmotile and does not make flagellin retains adhesion to mucin (24) . These findings suggest that either the mucin adhesin is a structural component of the flagellar apparatus or it utilizes the flagellar export and secretion machinery. Additionally, an alternate sigma factor, RpoN, not only is involved in the transcription of genes specifying bacterial adhesion to mucin and epithelial cells, but also is involved in the expression of flagellar genes (7, 20, 31) . Moreover, we have recently identified two regulators, FleR and FleQ, that can potentially work with RpoN to regulate flagellar expression and mucin adhesion (3, 21) . However, the specific targets of FleR and FleQ action are still not known. RpoN has also been shown to be important in the regulation of flagellar genes in Pseudomonas putida (8) , Caulobacter crescentus (5), Vibrio parahaemolyticus (15) , and Campylobacter coli (11) .
This report presents evidence that the flagellar cap protein (FliD) is directly involved in mucin adhesion. The nucleotide sequence of the fliD gene of P. aeruginosa was determined, and a chromosomal fliD mutant (PAK-NPD) was constructed by mutation in P. aeruginosa PAK-NP. This mutant was found to be nonmotile and nonadhesive. The motility and adhesion defects of PAK-NPD were complemented by the fliD gene alone, thus suggesting the involvement of FliD in mucin adhesion. The fliD gene product was purified from the Escherichia coli host and was used as a competitor in an in vitro adherence assay. The pure FliD protein specifically inhibited the binding of P. aeruginosa PAK-NP to human respiratory mucins, which indicates direct involvement of this protein in mucin binding. Analysis of the promoter region of the fliD gene suggested that this gene is regulated by the regulator FleQ, which works in concert with RpoN, and is independent of 28 , which controls the fliD genes of many other bacterial species (13) .
involving chromosomal recombinations, the plasmid DNA was linearized by a restriction enzyme and gel purified. About 1 g of linear DNA fragment was electroporated into the electrocompetent P. aeruginosa cells. For complementation experiments, 50 to 100 ng of supercoiled or covalently closed-circular plasmid DNA was electroporated into the target strains.
␤-Galactosidase assay. Expression of the lacZ gene under the control of the putative fliD promoter region of the fliDSorf126orf96 promoter was measured by ␤-galactosidase assays as described by Miller (17) with minor modifications. The cells were grown to late log phase (A 600 of 0.7 to 1.0), which usually took about 4 to 4.5 h. At this point, the cells were harvested and assayed for ␤-galactosidase activity. The bacteria containing the lac⍀ plasmids were grown in L broth with streptomycin.
PCR amplification. PCRs were performed in a DNA Thermal Cycler 480 (Perkin-Elmer Cetus). The reactions were performed in 100-l volumes with Pfu polymerase. Each reaction mixture contained a final concentration of 50 ng of DNA template, 2.5 U of Pfu polymerase, 2.0 mM MgCl 2 , 0.1 mM deoxynucleoside triphosphates mix, 10% dimethyl sulfoxide, and 0.2 M primers. Forty cycles were run, each consisting of incubations for 2 min at 95°C, 1 min at 46°C, and 6 min at 72°C. The annealing temperature was kept low because of the low ionic strength of the Pfu reaction buffer, and the extension time increased to 6 min to accommodate the low proofreading capacity of the Pfu polymerase. The primers used for PCRs were purchased from GIBCO BRL. Restriction sites were added to the ends of primers (shown in boldface) to facilitate subsequent cloning of the PCR products. Additional nucleotides were added 5Ј to the restriction sites to ensure efficient cleavage. The following primers were used in the PCRs. RER36 and RER40 were used for the PCR amplification of the fliD promoter. RER36 [5Ј(CCCAAAGAATTCATGGACGTCAGCAATGTC)3Ј] was located at nucleotide 862 (accession no. L81176); an EcoRI site was added to this primer. RER40 [5Ј(CCCAAAGGATCCTGTAGCCGTTGATCGTCG)3Ј] was located between nucleotides 1339 and 1356 (accession no. L81176); a BamHI site was added to this primer. FliD5p (CCCAAAGAATTCAGGAGAAGCAAGATGG CGAAC) was used as a 5Ј primer to amplify the complete fliD gene, which was cloned into the vector pPZ375 (29) ; an EcoRI site was added to this primer, which is shown here in boldface. FliD3p (CCCAAAGGATCCTCAGCTTTTCT TCACAAGGCC) was used as the 3Ј primer to amplify the complete fliD gene, which was cloned into the vector pPZ375; a BamHI site was added to this primer, which is shown in boldface. RER39 [5Ј(CCCAAAAAAAAACATATGGCGAA CAGTACGACG)3Ј] was used as the 5Ј primer to amplify the complete fliD gene, which was cloned into the vector pET15B (Novagen, Inc., Madison, Wis.); an NdeI site was added to this primer, which is shown here in boldface.
Plasmid constructions. pG10E was constructed by cloning a 10-kb EcoRI fragment which was excised from the cosmid pRR194 (21) into the EcoRI site of pGEM3Z (Promega, Inc., Madison, Wis.). A 7-kb EcoRI-ApaI fragment was isolated from pG10E and inserted into the EcoRI and ApaI sites of pBluescript KS(ϩ), to give pBS7EA. This construct contained the complete fliDSorf126orf96 operon. The plasmid pBS7EA was partially digested with EcoRV (two EcoRV sites), and a gentamicin resistance gene cassette was inserted selectively in the EcoRV site present in the fliD gene, leading to the construction of pBS7EAG. This construct was utilized to generate a chromosomal mutation in the P. aeruginosa fliD gene by marker exchange. The plasmid used for complementation of the fliD mutation, pPZ375D, was obtained by cloning a 1.4-kb PCR fragment carrying the complete fliD gene into pPZ375. The fliD expression construct, pET15BD, was constructed by cloning a 1.4-kb PCR fragment containing the complete fliD gene into the NdeI and BamHI sites of the expression vector pET15B. The promoter fusion construct plac⍀D was the result of cloning of a 495-bp EcoRI-BamHI fragment containing the putative fliD promoter region into the EcoRI and BamHI sites of the promoter probe vector pDN19lac⍀ (30) .
DNA sequencing. DNA sequencing was performed according to the Taq dyedeoxy terminator and dye primer cycle sequencing protocols developed by Applied Biosystems (Perkin-Elmer Corp., Foster City, Calif.). Fluorescence-labeled dideoxynucleotides and primers were used, respectively. The labeled extension products were analyzed with an Applied Biosystems model 373A DNA sequencer. Double-stranded sequences were aligned and assembled by programs in the Sequencher software package (Gene Codes Corp., Ann Arbor, Mich.).
Motility assay. Bacterial strains were grown overnight at 37°C on fresh L agar plates with or without antibiotics. The cells were then transferred with a sterile toothpick to 0.3% agar plates with or without antibiotics. These plates were incubated at 37°C for 16 h, and motility was assessed qualitatively by examining the circular swarm formed by the growing bacterial cells.
Adhesion assay. Human tracheobronchial mucins were prepared from sputum of a patient with chronic bronchitis by ultracentrifugation, as described previously (35) . The bacterial strains were grown in Trypticase soy broth (BBL Microbiology Systems) overnight at 37°C, and the inoculum was adjusted by spectrophotometer to between 1 ϫ 10 7 and 2 ϫ 10 7 CFU/ml. Strains containing plasmids which coded for antibiotic resistance were grown in broth containing carbenicillin (150 g/ml). Microtiter plates were coated with mucins at a concentration of 50 g/ml (33) . Bacteria were added to the wells, and the plates were incubated at 37°C for 30 min. The plates were washed 15 times in a manually operated microtiter plate washer, and the bacteria bound to the wells were desorbed with Triton X-100 and plated for enumeration. Each strain was tested Expression and purification of FliD. The complete fliD coding sequence was inserted as a 1.4-kb PCR product into the NdeI-BamHI sites of the plasmid pET15B. The resulting plasmid, pET15BD, was introduced into E. coli BL21 (pLysS) (Novagen), which contains the T7 polymerase gene on the chromosome under the control of the lacUV5 promoter. Bacterial cultures were grown to A 550 s of 0.4 to 0.5, and the T7 promoter was induced by the addition of a 2.0 mM final concentration of isopropyl-␤-D-thiogalactopyranoside (IPTG). The cultures were grown for an additional 4 h and then harvested. These pellets were resuspended in binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl [pH 7.9]). The cell lysate was prepared by disrupting the cells in a French pressure cell at 16,000 lb/in 2 . The cell debris was removed by centrifugation at 15,000 ϫ g for 30 min. A small disposable column containing 2.5 ml of chelating Sepharose Fast Flow resin (Pharmacia Biotech, Inc., Piscataway, N.J.) was packed. The column was charged with 50 mM NiSO 4 according to the pET instruction manual provided by Novagen, Inc. Further steps in the purification of His-FliD were performed according to the pET instruction manual. The His-FliD protein was finally eluted with elution buffer (1 M imidazole, 0.4 M NaCl, 20 mM Tris-HCl [pH 7.9]). The protein was dialyzed against 100 volumes of phosphate-buffered saline (PBS) with three changes. The dialyzed purified His-FliD protein was stored at 4°C.
Thrombin cleavage of His-FliD protein. The 6ϫ His tag was removed from the His-FliD fusion protein by using the thrombin cleavage capture kit (Novagen). Fifty micrograms of the fusion protein was incubated at room temperature with 0.5 U of biotinylated thrombin and thrombin cleavage buffer in a total reaction volume of 150 l. The incubation was done for 4 h with continuous mixing of the reaction components. The uncleaved His-FliD fusion protein was removed from the reaction mixture by allowing it to bind to the His tag affinity resin at room temperature for 90 min. The supernatant contained essentially the pure FliD protein.
Bio-Rad protein assay. Proteins were quantitated by using the Bio-Rad protein assay kit. The Bio-Rad protein assay is based on the color change of Coomassie brilliant blue G-250 dye in response to various concentrations of protein. The manufacturer's instructions were followed to perform this assay.
Nucleotide sequence accession number. The nucleotide sequence consisting of 3,925 nucleotides containing the complete sequences of flaG, fliD, fliS, orf126, and orf96 has been submitted to GenBank (accession no. L81176).
RESULTS
Nucleotide sequence of the chromosomal region containing fliD and fliS. The nucleotide sequence of a 3.9-kb fragment of P. aeruginosa DNA was determined on both DNA strands. This region contained four open reading frames (ORFs) which appeared to comprise a single operon. The location of these ORFs relative to other flagellar genes is shown in Fig. 1 . The first ORF consisted of 1,437 nucleotides, which is predicted to contain a gene that codes for a polypeptide consisting of 478 amino acids (molecular mass, 52.6 kDa). The deduced amino acid sequence of this ORF was compared to known protein sequences in the GenBank, PI, and SWISS-PROT databases by the BLAST program (1). This ORF had strong homology to the fliD genes of other bacteria (Fig. 2) and was therefore called the fliD gene of P. aeruginosa. As shown in Fig. 2 , the P. aeruginosa FliD (flagellar cap protein) was homologous to the FliDs of other bacteria throughout the ORF, except for a stretch of 12 amino acids (amino acids 196 to 207) which were found in the P. aeruginosa FliD but were absent from all the other cap proteins to which it was compared. The functional significance of these amino acids remains to be explored.
The second ORF consisted of 399 nucleotides, which is predicted to contain a gene that codes for a polypeptide consisting of 132 amino acids (molecular mass, 14.5 kDa). This gene has a strong homology to fliS genes of other bacteria, and it very likely represents the P. aeruginosa fliS homolog. The third ORF consisted of 381 nucleotides, which is predicted to contain a gene that codes for a polypeptide consisting of 126 amino acids (molecular mass, 13.9 kDa). This ORF is also homologous with the fliS genes of other bacteria, including that of P. aeruginosa. In other bacterial species, these genes are arranged as an operon, consisting of fliDST genes (6, 10). In P. aeruginosa, the fliS gene has apparently undergone a duplication, and the two homologs have evolved separately. The P. aeruginosa fliS and orf126 share 38.5% identity and 59% similarity at the amino acid level. Whether the fliT gene is found at another chromosomal location and whether the product of the orf126 gene performs the same function in P. aeruginosa as FliT does in other bacteria are not known at present. The fourth ORF (orf96) consisting of 288 nucleotides had no apparent homology to any known proteins in the database.
Upstream of the fliDSorf126orf96 operon ( Fig. 1 ), an ORF was identified which consisted of 384 nucleotides and was predicted to contain a gene that codes for a polypeptide consisting of 128 amino acids (molecular mass, 14 kDa). This ORF was homologous to the flaG genes of Vibrio anguillarum (16), V. parahaemolyticus (15) , and Bacillus subtilis (6) and was therefore called the flaG gene.
Construction of a fliD mutant and its complementation. In order to examine the possible function of FliD, a chromosomal fliD mutant was constructed in P. aeruginosa PAK-NP by gene replacement. The P. aeruginosa fliD gene located on a 7.0-kb EcoRI-ApaI fragment was inactivated by inserting a gentamicin resistance gene cassette into an EcoRV site in the fliD gene (Fig. 1) . The insertionally inactivated fliD gene on the plasmid was electroporated into PAK-NP, where it replaced the corresponding chromosomal copy of the fliD gene by double reciprocal recombination, giving rise to a fliD mutant strain, PAK-NPD. The replacement of the wild-type fliD in PAK-NPD was confirmed by Southern blot analysis (data not shown). Another fliD mutant, PAK-D, was constructed in P. aeruginosa PAK by the same strategy (data not shown). Since this mutant is sensitive to tetracycline, it was used in the promoter fusion experiments which required the use of a plasmid carrying tetracycline resistance.
Since the fliD gene was located close to fleQ, which has been shown to be involved in motility and mucin adhesion in P. aeruginosa (3), we tested this mutant in motility and mucin adhesion assays. These results showed that the fliD mutant PAK-NPD was nonmotile (Fig. 3) and nonadhesive (Fig. 4) . In order to confirm that the nonmotile and nonadhesive phenotype of PAK-NPD was indeed a result of inactivation of the fliD gene and was not due to polar effects on downstream genes, this gene was cloned as a 1.4-kb EcoRI-BamHI fragment on a multicopy plasmid, and this construct (pPZ375D) was introduced into PAK-NPD by electroporation. Motility (Fig. 3 ) and mucin adhesion ( product into the NdeI-BamHI sites of the plasmid pET15B. This resulted in an in-frame fusion of six histidine codons to the initiation codon of fliD. The resulting plasmid, pET15BD, and the vector control plasmid, pET15BD, were introduced into E. coli BL21(DE3), which has the T7 polymerase gene inserted into the chromosome. Bacterial cultures were grown and induced as explained in Materials and Methods. The induced and uninduced whole-cell extracts of E. coli BL21(DE3) containing pET15B (vector alone) or pET15BD (vector plus fliD) were analyzed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (10% polyacrylamide) (14) (Fig. 5) dicated by an arrow) was observed at the expected location (Fig. 5, lane 3) .
The His-FliD protein was purified from the cell lysates of E. coli BL21(DE3) carrying pET15BD as described in Materials and Methods. A small aliquot of the purified His-FliD was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% polyacrylamide) (Fig. 5, lane 5) . A single band was observed which migrated at the same location as the induced fliD gene product in the whole-cell extracts of E. coli BL21(DE3) carrying pET15BD (indicated by an arrow in Fig.  5 ). The 6ϫ His tag attached to the purified FliD fusion protein was removed by thrombin cleavage as explained in Materials and Methods. The purified FliD protein without the 6ϫ His tag was analyzed again by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% polyacrylamide) to ascertain the purity of the FliD protein. The cleavage presented a single band with mobility slightly faster than that of FliD carrying the N-terminal His tag (data not shown). The protein concentration of this purified preparation of the FliD protein was determined by using the Bio-Rad protein assay kit as described in Materials and Methods.
The flaG gene was overexpressed by the same expression system as that used for the fliD gene (data not shown). Subsequently, the FlaG protein was purified in the same manner as the FliD protein (Fig. 5, lane 6) .
Effect of the FliD protein on mucin adhesion of strain PAK-NP. The purified FliD protein without the 6ϫ His tag, was utilized in the in vitro competition assays to test whether it could compete with P. aeruginosa PAK-NP cells for binding to mucin. Two P. aeruginosa control proteins were used in this assay: purified pili (PilA protein) and purified FlaG protein. Based on our previous observations, it is clear that neither pilA (20) nor flaG (data not shown) is involved in flagellar formation or adhesion to mucin. P. aeruginosa pili were purified by the method of Frost and Paranchych (7a), while P. aeruginosa FlaG protein was expressed and purified exactly the same way as the FliD protein. Equimolar (1.83 M) concentrations of purified proteins and their dilutions were allowed to bind to mucin for 30 min at 37°C, and the excess, unbound protein was washed away. The bacterial adhesion assay was then performed as explained in Materials and Methods.
As shown in Fig. 6 , only FliD protein inhibited P. aeruginosa PAK-NP binding to mucin. At the same molar concentration, the two control proteins PilA and FlaG did not inhibit the binding of P. aeruginosa PAK-NP to mucin.
Regulation of the fliD gene. The fliD upstream sequence was visually analyzed for the presence of consensus 28 (TAAA-N 15 -GCCGATAA), 54 (YTGGYAYR-N 3 -YYTGCW), and 70 (TTGACA-N 17 -TATAAT) recognition sites. Figure 7 shows the 495-bp sequence, including the fliD promoter. No 28 binding site could be detected in this region. However, four putative 54 binding sites were located at nucleotides 74, 98, 148, and 334. Finally, a sequence homologous to the 70 promoter was identified at nucleotides 418 (Ϫ10 box) and 394 (Ϫ35 box), (Fig. 7) .
To understand the regulation of the fliD gene, the fliD promoter (495-bp sequence shown in Fig. 7) was fused with the promoterless lacZ gene, and the activity of the fliD promoter was measured in a number of P. aeruginosa strains. Table 2 shows the results of these ␤-galactosidase assays. The ␤-galactosidase activity in the wild-type PAK was 10 times that of the pDN19lac⍀ vector control, demonstrating the existence of a promoter in the fliD upstream sequence. This promoter was insensitive to the transcriptional regulator FleR and the flagellar sigma factor 28 , since the fleR and the 28 (fliA) mutants had ␤-galactosidase activities as high as that of the wild-type PAK (Table 2 ). Both rpoN (PAK-N1G) and fleQ (PAK-Q) mutants had significantly reduced activity of the fliD promoter, indicating that the transcription from the fliD promoter requires 54 (product of the rpoN gene) and the transcriptional activator FleQ. However, the fliD promoter still had a basal activity in the absence of either 54 or FleQ, suggesting a dual regulation, perhaps involving 70 , of the fliD promoter.
DISCUSSION
The adhesion of P. aeruginosa to mucin is one of the earlier steps in the process of P. aeruginosa colonization of the human airways. In pursuit of a specific adhesin responsible for this interaction, we have discovered that a structural component of the flagellum, FliD, exhibits a direct association with mucin. A polar insertional mutation in the P. aeruginosa fliD gene abolished the motility and mucin adhesion functions of the organism. Both the motility and the mucin adhesion functions were restored when the P. aeruginosa fliD gene alone was provided on a multicopy plasmid. In vitro competition assays demonstrated that the purified FliD protein was capable of specifically inhibiting the association of P. aeruginosa cells with mucin.
The fliD genes of E. coli and Salmonella typhimurium encode the filament cap protein, also called the hook-associated protein 2 (HAP2), and form an operon, fliDST (10, 12) . The role of FliD in these organisms is to facilitate the polymerization of endogenous flagellin at the tips of the growing flagellar filaments. However, there are conflicting reports regarding the role played by the fliS and fliT genes in flagellar formation (6, 10, 36) . The fliS gene has been implicated as a chaperone involved in the export of flagellin (36) , while fliT apparently has no effect on flagellar formation. All three genes of the fliDST operon have been shown to negatively regulate the export of FlgM, the flagellum-specific anti-sigma factor (37) . fliD mutants of E. coli and S. typhimurium secrete excess amounts of FlgM into the culture medium. Our studies show that the gene arrangement of the fliDST operon in P. aeruginosa is quite different. The fliT gene seems to be absent from this operon, and instead there is a duplication of the fliS gene. The fact that the fliD gene alone could complement the motility and mucin adhesion defects of the P. aeruginosa fliD mutant suggests that the fliS and fliT genes are not important for these two functions. Whether there is excess excretion of FlgM in the P. aeruginosa fliD mutant as in the fliD mutants of E. coli and S. typhimurium remains to be tested. However, by analogy, we expect a similar phenotype of this mutant. The adhesion-negative phenotype of the P. aeruginosa fliD mutant is probably not due to excess export of FlgM (lower intracellular concentration of FlgM and hence upregulation of class 2 and class 3 genes [e.g., fliC]), since our earlier reports have shown that the flagellin (fliC)-negative mutant is adhesive to mucin (24) .
The alignment of the deduced amino acid sequence of the P. aeruginosa fliD gene with those of the other FliD proteins shows that the structure of this protein is conserved through the entire ORF. However, it is interesting that a stretch of 12 amino acids (amino acids 196 to 207) was absent from the other FliD proteins. The significance of this stretch of amino acids is not clear at present.
Our studies indicate that the regulation of the fliD gene in P. aeruginosa is quite different from that in other organisms. It 28 (fliA) and the master regulator FlhD (13) . However, our analysis of the sequence upstream of the fliD gene revealed that there is no 28 binding sequence present in this region. Consistent with these data, the promoter studies showed that the transcription of the fliD gene was independent of 28 . Furthermore, we have previously shown that a 28 -deficient P. aeruginosa fliA mutant still adheres to mucin (24) ; if the fliD gene were 28 regulated, then one would have expected a loss of adhesion in the fliA mutant. The promoter studies also demonstrated the requirement of the transcriptional regulator, FleQ, and the sigma factor RpoN. The transcriptional regulator FleQ belongs to the group of transcriptional activators which work in concert with RpoN and was previously shown to be involved in the regulation of motility and mucin adhesion in P. aeruginosa (3) . Upstream of the fliD gene, we detected several putative 54 binding sites and a strong 70 promoter as well. The precise promoter assignment still awaits determinations based on the mapping of the transcriptional start site for this gene. Given the observed basal-level expression of fliD-lacZ fusions in fleQ and rpoN mutant backgrounds, it is conceivable that fliD is transcribed by two species of RNA polymerase, one containing 54 and the other containing 70 . FleQ could be directly regulating fliD gene expression in conjunction with RpoN. Alternatively, FleQ could regulate the expression of another regulator which may be involved in transcription of fliD with either 54 or 70 . This dual regulation would imply that the same gene is expressed under different conditions, responding to different needs of the bacterial cell, such as motility and adherence.
How does a flagellar cap protein function in adherence? One possible scenario involves an initial interaction of the flagellar tip with mucin. In fact, scanning electron photomicrographs of the surface of CF epithelia suggest that this might be the case in reality (27) . This fragile interaction can be then strengthened by further attachment with additional FliD proteins located in the outer membrane, synthesized as a consequence of flagellar breakage following the initial binding step. Alternatively, other signals provided by the host may direct the synthesis of additional FliD exclusively for function in mucin adherence. This could explain the existence of two regulatory mechanisms for fliD expression, as implied by our analysis of the fliD gene promoter.
Interestingly, FliD has been implicated in virulence of Proteus mirabilis. A fliD mutant of P. mirabilis was shown to be attenuated in the colonization of the urinary tract and in virulence in a mouse model of ascending urinary tract infection (18) . Further studies are geared towards finding the role for P. aeruginosa fliD in vivo. In summary, we postulate that the flagellar cap protein FliD is directly involved in the binding of P. aeruginosa to mucin. These findings will allow us to answer questions pertaining to the structure and role of this protein in the colonization process. Identification of the precise mucin binding site and finding the receptor that is recognized by this adhesin are among the challenges of the future. This information would prove useful in the development of new approaches to the prevention of colonization of the respiratory tract by P. aeruginosa.
